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DUPLICATE 

RECEPTORS 

The present invention relates to phage particles displaying T cell receptors (TCRs). 

5 Background to the Invention 

Native TCRs 

As is described in, for example, WO 99/60120 TCRs mediate the recognition of 
specific Major Histocompatibility Complex (MHC)-peptide complexes by T cells and, 
as such, are essential to the functioning of the cellular arm of the immune system. 

10 

Antibodies and TCRs are the only two types of molecules which recognise antigens in 
a specific manner, and thus the TCR is the only receptor for particular peptide antigens 
presented in MHC, the alien peptide often being the only sign of an abnormality 
within a cell. T cell recognition occurs when a T-cell and an antigen presenting cell 
15 (APC) are in direct physical contact, and is initiated by ligation of antigen-specific 
TCRs with pMHC complexes. 

The native TCR is a heterodimeric cell surface protein of the immunoglobulin 
superfamily which is associated with invariant proteins of the CD3 complex involved 
20 in mediating signal transduction. TCRs exist in oc|3 and y5 forms, which are 
structurally similar but have quite distinct anatomical locations and probably 
functions. The MHC class I and class II ligands are also immunoglobulin superfamily 

« 

proteins but are specialised for antigen presentation, with a highly polymorphic 
peptide binding site which enables them to present a diverse array of short peptide 
25 fragments at the APC cell surface. 

The extracellular portion of native heterodimeric a|3 and y6 TCRs consist of two 
polypeptides each of which has a membrane-proximal constant domain, and a 

■ 

membrane-distal variable domain. Each of the constant and variable domains includes 

m ■ 

30 an intra-chain disulfide bond. The variable domains contain the highly polymorphic 
loops analogous to the complementarity determining regions (CDRs) of antibodies. 



CDR3 of ap TCRs interact with the peptide presented by MHC, and CDRs 1 and 2 of 
ap TCRs interact with the peptide and the MHC. The diversity of TCR sequences is 
generated via somatic rearrangement of linked variable (V), diversity (D), joining (J), 
and constant genes 

5 

Functional a and y chain polypeptides are formed by rearranged V-J-C regions, 
whereas P and 8 chains consist of V-D-J-C regions. The extracellular constant domain 
has a membrane proximal region and an immunoglobulin region. There are single a 
and 8 chain constant domains, known as TRAC and TRDC respectively. The P chain 

10 constant domain is composed of one of two different P constant domains, known as 
TRBC1 and TRBC2 (IMGT nomenclature). There are four amino acid changes 
between these p constant domains, three of which are within the domains used to 
produce the single-chain TCRs displayed on phage particles of the present invention. 
These changes are all within exon 1 of TRBC1 and TRBC2: N4K 5 ->K4N 5 and F 37 ->Y 

15 (IMGT numbering, differences TRBC1->TRBC2), the final amino acid change 
between the two TCR p chain constant regions being in exon 3 of TRBC1 and 
TRBC2: Vi->E. The constant y domain is composed of one of either TRGC1, 
TRGC2(2x) or TRGC2(3x). The two TRGC2 constant domains differ only in the 
number of copies of the amino acids encoded by exon 2 of this gene that are present 

« 

20 

The extent of each of the TCR extracellular domains is somewhat variable. However, 
a person skilled in the art can readily determine the position of the domain boundaries 
using a reference such as The T Cell Receptor Facts Book, Lefranc & Lefranc, Publ. 
Academic Press 200 1 . 

25 

Recombinant TCRs 

The production of recombinant TCRs is beneficial as these provide soluble TCR 
analogues suitable for the following purposes: 



30 



• Studying the TCR / ligand interactions (e.g. pMHC for ap TCRs) 



• Screening for inhibitors of TCR-associated interactions 
© Providing the basis for potential therapeutics 

* 

A number of constructs have been devised to date for the production of recombinant 

* 

TCRs. These constructs fall into two broad classes, single-chain TCRs and dimeric 
TCRs, the literature relevant to these constructs is summarised below. 
Single-chain TCRs (scTCRs) are artificial constructs consisting of a single amino acid 
strand, which like native heterodimeric TCRs bind to MHC-peptide complexes. 
Unfortunately, attempts to produce functional alpha/beta analogue scTCRs by simply 
linking the alpha and beta chains such that both are expressed in a single open reading 
frame have been unsuccessful, presumably because of the natural instability of the 
alpha-beta soluble domain pairing. 

Accordingly, special techniques using various truncations of either or both of the alpha 
and beta chains have been necessary for the production of scTCRs. These formats 
appear to be applicable only to a very limited range of scTCR sequences. Soo Hoo et 
al (1992) PNAS. 89 (10): 4759-63 report the expression of a mouse TCR in single 
chain format from the 2C T cell clone using a truncated beta and alpha chain linked 
with a 25 amino acid linker and bacterial periplasmic expression (see also Schodin et 
al (1996) Mol. Immunol. 33 (9): 819-29). This design also forms the basis of the m6 
single-chain TCR reported by Holler et al (2000) PNAS. 97 (10): 5387-92 
which is derived from the 2C scTCR and binds to the same H2-Ld-restricted 
alloepitope. Shusta et al (2000) Nature Biotechnology 18: 754-759 report using 
single-chain 2 C TCR constructs in yeast display experiments, which produced 
mutated TCRs with, enhanced thermal stability and solubility. This report also 
demonstrated the ability of these displayed 2C TCRs to selectively bind cells 
expressing their cognate pMHC. Khandekar et al (1997) J. Biol. Chem. 272(51): 
32190-7 report a similar design for the murine D10 TCR, although this scTCR was 
fused to MBP and expressed in bacterial cytoplasm (see also Hare et al (1999) Nat. 
Struct Biol. 6 (6): 574-81). Hilyard et al (1994) PNAS. 91 (19): 9057-61 report a 
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human scTCR specific for influenza matrix protein-HLA-A2, using a Va-linker-V|3 
design and expressed in bacterial periplasm. 

Chung et al (1994) PNAS. 91 (26) 12654-8 report the production of a human scTCR 
5 using a Va-linker-VP-CP design and expression on the surface of a mammalian cell 

line. This report does not include any reference to peptide-HLA specific binding of the 
scTCR. Plaksin et al (1997) J. Immunol. 158 (5): 2218-27 report a similar Va-linker- 
VP-C|3 design for producing a murine scTCR specific for an HIV gpl20-H-2D d 
epitope. This scTCR is expressed as bacterial inclusion bodies and refolded in vitro. 

10 

A number of papers describe the production of TCR heterodimers which include the 
native disulphide bridge which connects the respective subunits (Garboczi, et al, 
(1996), Nature 384(6605): 134-41; Garboczi, et al t (1996), J Immunol 157(12): 5403- 
10; Chang et al, (1994), PNAS USA 91: 11408-11412; Davodeau et dL % (1993), /. 
15 Biol Chem. 268(21): 15455-15460; Goiden etal., (1997), J. Imm. Meth. 206: 163- 
169; US Patent No. 6080840). However, although such TCRs can be recognised by 
TCR-specific antibodies, none were shown to recognise its native ligand at anything 
other than relatively high concentrations and/or were not stable. 

20 . In WO 99/60120, a soluble TCR is described which is correctly folded so that it is 
capable of recognising its native ligand, is stable over a period of time, and can be 
produced in reasonable quantities. This TCR comprises a TCR a or y chain 
extracellular domain dimerised to a TCR P or 5 chain extracellular domain 
respectively, by means of a pair of C- terminal dimerisation peptides, such as leucine 

25 zippers. This strategy of producing TCRs is generally applicable to all TCRs. 

Reiter et al, Immunity, 1995, 2:281-287, details the construction of a soluble molecule 
comprising disulphide-stabilised TCR a and P variable domains, one of which is 

linked to a truncated for m of Pseudomonas exotoxin (PE38). One of the stated 

30 reasons for producing this molecule was to overcome the inherent instability of single- 
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chain TCRs. The position of the novel disulphide bond in the TCR variable domains 
was identified via homology with the variable domains of antibodies, into which these 
have previously been introduced (for example see Brinkmann, et al (1993), Proc. 
Natl. Acad. Sci. USA 90: 7538-7542, and Reiter, et al (1994) Biochemistry 33: 5451- 
5 5459). However, as there is no such homology between antibody and TCR constant 
domains, such a technique could not be employed to identify appropriate sites for new 
inter-chain disulphide bonds between TCR constant domains. 

As mentioned above Shusta et al (2000) Nature Biotechnology 18: 754-759 report 
10 using single-chain 2 C TCR constructs in yeast display experiments. The principle of 
displaying scTCRs on phage particles has previously been discussed. For example, 
WO 99/19129 details the production of scTCRs, and summarise a potential method for 
the production of phage particles displaying scTCRs of the Va-Iinker-Vj3 C(3 format 
However, this application contains no exemplification demonstrating the production of 
15 said phage particles displaying TCR. The application does however refer to a co- 
pending application: 

'The construction of DNA vectors including a DNA segment encoding a sc-TCR 
molecules fused to a bacteriophage coat protein (gene II or gene VTH) have been 
20 described in said pending U.S. application No. 08/813,781." 

Furthermore, this application relies on the ability of anti-TCR antibodies or super- 
antigen MHC complexes to recognise the soluble, non-phage displayed, scTCRs 
produced to verify their correct conformation. Therefore, true peptide-MHC binding 
25 specificity of the scTCRs, in any format, is not conclusively demonstrated! 

Screening Use 

A number of important cellular interactions and cell responses, including the TCR T 
mediated immune synapse, are controlled by contacts made between cell surface 
30 receptors and ligands presented on the surfaces of other cells. These types of specific 
molecular contacts are of crucial importance to the correct biochemical regulation in 
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the human body and are therefore being studied intensely. In many cases, the 
objective of such studies is to devise a means of modulating cellular responses in order 
to prevent or combat disease. 

5 Therefore, methods with which to identify compounds that bind with some degree of 
specificity to human receptor or ligand molecules are important as leads for the 
discovery and development of new disease therapeutics. In particular, compounds 
that interfere with certain receptor-ligand interactions have immediate potential as 
therapeutic agents or carriers, 

10 

Advances in combinatorial chemistry, enabling relatively easy and cost-efficient 
production of very large compound libraries have increased the scope for compound 
testing enormously. Now the limitations of screening programmes most often reside 
in the nature of the assays that can be employed, the production of suitable receptor 
15 and ligand molecules and how well these assays can be adapted to high throughput 
screening methods. 

Phage Display Methods 

The phage display technique is based on the ability of bacteriophage particles to 
20 express a heterologous peptide or polypeptide fused to their surface proteins. (Smith 

i 

(1985) Science 217 1315-1317). The procedure is quite general, and well understood 
in the art for the display of polypeptide monomers. However, in the case of 

polypeptides which in their native form associate a3 dimers, the phage display process 

appears less well discussed in the literature. For monomelic polypeptide display there 

25 are two main procedures: 

Firstly (Method A) by inserting DNA encoding for the heterologous peptide or 
polypeptide into a vector (phagemid) fused to the DNA encoding for a bacteriophage 
coat protein. The expression of phage particles displaying the heterologous peptide or 
polypeptide is then carried out by transfecting bacterial cells with the phagemid, and 

'3CF ffieiTinfec^ 
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source of the phage proteins not encoded by the phagemid required to produce a 
functional phage particle. 

Secondly (Method B), by inserting DNA encoding the heterologous peptide or 
5 polypeptide into a complete phage genome fused to the DNA encoding a 

bacteriophage coat protein. The expression of phage particles displaying the 
heterologous peptide or polypeptide is then carried out by infecting bacterial cells with 
the phage genome. This method has the advantage of the first method of being a 
'single-step' process. However, the size of the heterologous DNA sequence that can be 
10 successfully packaged into the resuting phage particles is reduced. M13, T7 and • 
Lambda are examples of suitable phages for this method. 

A variation on (Method B) the involves adding a DNA sequence encoding a 
nucleotide binding domain to the DNA in the phage genome encoding the 
15 heterologous peptide be displayed, and further adding the corresponding nucleotide 
binding site to the phage genome. This causes the heterologous peptide to become 
directly attached to the phage genome. This peptide/genome complex is then packaged 
into a phage particle which displays the heterologous peptide. This method is fully 
described in WO 99/11785. 

20 

The phage particles can then be recovered and used to study the binding characteristics 
of the heterologous peptide or polypeptide. Once isolated, phagemid or phage DNA 
can be recovered from the TCR-displaying phage particle, and this DNA can be 
replicated via PCR. The PCR product can be used to sequence the heterologous 
25 peptide or polypeptide displayed by a given phage particle. 

The phage display of single-chain antibodies and fragments thereof, has become a 
routine means of studying the binding characteristics of these polypeptides. There are 
numerous books available that review phage display techniques and the biology of the 
30 bacteriophage. (See, for example, Phage Display - A Laboratory Manual, Barbas et 
al 9 (2001) Cold Spring Harbour Laboratory Press). 
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A third phage display method (Method C) relies on the fact that heterologous 
polypeptides having a cysteine residue at a desired location can be expressed in a 
soluble form by a phagemid or phage eenome, and caused to associate with a modified 
5 phage surface protein also having a cysteine residue at a surface exposed position, via 
the formation of a disulphide linkage between the two cysteines. WO 01/ 05950 details 
the use of this alternative linkage method for the expression of single-chain antibody- 
derived peptides. 

10 Brief Description of the Invention 

This invention makes available phage particles displaying alpha/beta and 
gamma/delta-analogue scTCR and dTCR constructs, the former having an intxachain 
disulfide bond and the latter preferably having an interchain disulfide bond, said bonds 
being between regions of the molecule corresponding to the constant regions of native 
15 * TCRs and contributing to the stability of the molecule. The presence of these disulfide 
bonds assists the displayed TCRs to fold into a conformation such that the variable 
region sequences of the dTCR polypeptide pair or scTCR polypeptide are mutually 
orientated substantially as in native TCRs. Such phage-displayed TCRs are useful for 
screening purposes. 

20 

Detailed Description of the Invention 

The present invention provides a phage particle displaying on its surface a single chain 
T uJl receptoi (scTCR) polypeptide or dirneric TCR (dTCR) polypcpidc pair. Said 

» 

scTCR polypeptide, or dTCR polypeptide pair are constituted by TCR amino acid 
25 sequences corresponding to TCR extracellular constant and variable region sequences, 
with a variable region sequence of the scTCR corresponding to a variable region 
sequence of one TCR chain being linked by a linker sequence to a constant region 
sequence corresponding to a constant region sequence of another TCR chain; the 
variable region sequences of the dTCR polypeptide pair or scTCR polypeptide are 
30 mutually orientated substantially as in native TCRs; and in the case or the sciuR 
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polypeptide a disulfide bond which has no equivalent in native T cell receptors links 
residues of the polypeptide. 

In the scTCRs or dTCRs of the invention the requirement that the variable region 
5 sequences are mutually orientated substantially as in native oc|3 T cell receptors is 

tested by confirming that the phage displayed TCR binds to its cognate peptide-MHC 
complex - if binding occurs, then the requirement is met In the case of yd TCRs of 
the present invention the cognate ligands for these molecules are unknown therefore 
secondary means of verifying their conformation such as recognition by antibodies can 
10 be employed. The monoclonal antibody MCA991T (available from Serotec), specific 
for the 8 chain variable region, is an example of an antibody appropriate for this task. 

The scTCRs or dTCRs of the present invention may be displayed on phage particles 
by, for example, the following two means: 

15 

The C-terminus of one member of the dTCR polypeptide pair, or the C-tenninus of the 
scTCR polypeptide, can be directly linked by a peptide bond to a surface exposed 
residue of the phage. The said surface exposed residue is preferable at the N-terminus 
of the gene product of bacteriophage gene III or gene VIQ.; and 

20 

The C-terminus of one member of the dTCR polypeptide pair, or the C-terminus of the 
scTCR polypeptide, is linked by a disulfide bond to a surface exposed cysteine residue 
of the phage via an introduced cysteine residue. The said surface exposed residue is 
again preferable at the N-terminus of the gene product of bacteriophage gene HI or 
25 gene VHI. 

m 

The displayed scTCR 

The displayed scTCR polypeptide may be, for example, one which has 
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a first segment constituted by an amino acid sequence corresponding to a TCR a or 8 
chain variable region sequence fused to the N terminus of an amino acid sequence 
corresponding to a TCR a chain constant region extracellular sequence, 

a second segment constituted by an amino acid sequence corresponding to a TCR P or 
Y chain variable region fused to the N terminus of an amino acid sequence 
corresponding to TCR (3 chain constant region extracellular sequence, 

* 

a linker sequence linking the C terminus of the first segment to the N terminus of the 
second segment, or vice versa, and 

a disulfide bond between the first and second chains, said disulfide bond being one 
which has no equivalent in native aP or y8 T cell receptors, 

the length of the linker sequence and the position of the disulfide bond being such that 
the variable region sequences of the first and second segments are mutually orientated 
substantially as in native ap or yd T cell receptors. 

The displayed dTCR 

The dTCR which is displayed on the phage particle may be one which is constituted 
by 

a first polypeptide wherein a sequence corresponding to a TCR a or 8 chain variable 
region sequence is fused to the N terminus of a sequence corresponding to a TCR a 
chain constant region extracellular sequence, and 

a second polypeptide wherein a sequence corresponding to a TCR P or y chain variable 
region sequence fused to the N terminus a sequence corresponding to a TCR p chain 
constant-region-extraeellular-sequence, ■ ■ - 
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the first and second polypeptides being linked by a disulfide bond which has no 
equivalent in native aP or y8 T cell receptors. 

dTCR Polypeptide Pair and scTCR Polypeptide 
5 The constant region extracellular sequences present in the scTCRs or dTCRs 

preferably correspond to those of a human TCR, as do the variable region sequences. 
However, the correspondence between such sequences need not be 1 : 1 on an amino 
acid level. N- or C-truncation, and/or amino acid deletion and/or substitution relative 
to the corresponding human TCR sequences is acceptable, provided the overall result 
10 is mutual orientation of the a and P variable region sequences, or y and 8 variable 

region sequences is as in native aP, or y8 T cell receptors respectively. In particular, 
because the constant region extracellular sequences present in the first and second 
segments are not directly involved in contacts with the ligand to which the scTCR or 
dTCR binds, they may be shorter than, or may contain substitutions or deletions 
15 relative to, extracellular constant domain sequences of native TCRs. 

The constant region extracellular sequence present in one of the dTCR polypeptide 
pair, or in the first segment of a scTCR polypeptide may include a sequence 
corresponding to the extracellular constant Ig domain of a TCR a chain, and/or the 
20 constant region extracellular sequence present in the other member of the pair or * 

second segment may include a sequence corresponding to the extracellular constant Ig 
domain of a TCR P chain. 

4 

In one embodiment of the invention, one member of the polypeptide pair or the first 
25 segment of the scTCR polypeptide corresponds to substantially all the variable region 
of a TCR a chain fused to the N terminus of substantially all the extracellular domain 
of the constant region of an TCR a chain; and/or the other member of the pair or 
second segment corresponds to substantially all the variable region of a TCR P chain 
fused to the N te rminu s of substantially all the extracellular domain of the constant 
30 region of a TCR P chain. 
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In another embodiment, the constant region extracellular sequences present in the 
dTCR polypeptide pair or first and second segments of the scTCR polypeptide 
correspond tn the constant regions of the a and (3 chains of a native TCR truncated at 
5 their C termini such that the cysteine residues which fonn the native inter-chain 

disulfide bond of the TCR are excluded Alternatively those cysteine residues may be 
substituted by another amino acid residue such as serine or alanine, so that the native 
disulfide bond is deleted. In addition, the native TCR P chain contains an unpaired 
cysteine residue and that residue may be deleted from, or replaced by a non-cysteine 
10 residue in, the p sequence of the scTCR of the invention. 

In one particular embodiment of the invention, the TCR a and P chain variable region 
sequences present in the dTCR polypeptide pair or first and second segments of the 
scTCR polypeptide may together correspond to the functional variable domain of a 

15 first TCR, and the TCR a and P chain constant region extracellular sequences present 
in the dTCR polypeptide pair or first and second segments of the scTCR polypeptide 
may correspond to those of a second TCR, the first and second TCRs being from the 
same species. Thus the a and P chain variable region sequences present in dTCR 
polypeptide pair or first and second segments of the scTCR polypeptide may 

20 correspond to those of a first human TCR, and the a and P chain constant region 

* 

extracellular sequences may correspond to those of a second human TCR. For 
example, A6 Tax sTCR constant region extracellular sequences can be used as a 
framework onto which heterologous a and P variable domains can be fused. 

25 In another embodiment of the invention, the TCR 8 and y chain variable region 

sequences present in the dTCR polypeptide pair or first and second segments of the 
scTCR polypeptide respectively, may together correspond to the functional variable 
domain of a first TCR, and the TCR a and p chain constant region extracellular 

sequences-presenUn-the-d3X5^ — 

30 scTCR polypeptide respectively, may correspond to those of a second TCR, the first 
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and second TCRs being from the same species. Thus the 5 and y chain variable region 
sequences present in the dTCR polypeptide pair or first and second segments of the 
scTCR polypeptide may correspond to those of a first human TCR, and the a and p 
chain constant region extracellular sequences may correspond to those of a second 
human TCR. For example, A6 Tax sTCR constant region extracellular sequences can 
be used as a framework onto which heterologous y and 8 variable domains can be 
fused. 

In one particular embodiment of the invention, the TCR a and P, or 6 and y chain 
variable region sequences present in the dTCR polypeptide pair or first and second 
segments of the scTCR polypeptide may together correspond to the functional variable 
domain of a first human TCR, and the TCR a and p chain constant region extracellular 
sequences present in the dTCR polypeptide pair or first and second segments of the 
scTCR polypeptide may correspond to those of a second non-human TCR, Thus the a 
and P, or 5 and y chain variable region sequences present dTCR polypeptide pair or 
first and second segments of the scTCR polypeptide may correspond to those of a first 
human TCR, and the a and P chain constant region extracellular sequences may 
correspond to those of a second non-human TCR. For example, murine TCR constant 
region extracellular sequences can be used as a framework onto which heterologous 
human a and P TCR variable domains can be fused. 

Linker in tlie scTCR Polypeptide 

For scTCR-displaying phage particles of the present invention, a linker sequence links 
the first and second TCR segments, to form a single polypeptide strand. The linker 
sequence may, for example, have the formula -P-AA-P- wherein P is proline and AA 
represents an amino acid sequence wherein the amino acids are glycine and serine. 

For the scTCR displayed by phage particles of the present invention to bind to a 
ligand, MHC-peptide complex in the case of oc|3 TCRs, the first and second segments 
must be paired so that the variable region sequences thereof are orientated for such 
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binding. Hence the linker should have sufficient length to span the distance between 
the C terminus of the first segment and the N terminus of the second segment, or vice 
versa. On the other hand excessive linker length should preferably be avoided, in case 
the end of the linker at the N-terminal variable region sequence blocks or reduces 
5 bonding of the scTCR to the target ligand. 

For example, in the case where the constant region extracellular sequences present in 
the first and second segments correspond to the constant regions of the a and (3 chains 
of a native TCR truncated at their C termini such that the cysteine residues which form 
10 the native interchain disulfide bond of the TCR are excluded, and the linker sequence 
links the C terminus of the first segment to the N terminus of the second segment, the 
linker may consist of from 26 to 41, for example 29, 30, 31 or 32 amino acids, and a 
particular linker has the formula -PGGG-(SGGGG) 5 -P- wherein P is proline, G is 
glycine and S is serine. 

15 

Inter-chain Disulfide bond 

A principle characterising feature of the scTCRs displayed by phage particles of the 
present invention, and preferably a feature of the displayed dTCRs, is the a disulfide 
bond between the constant region extracellular sequences of the dTCR polypeptide 

20 pair or first and second segments of the scTCR polypeptide. That bond may 

correspond to the native inter-chain disulfide bond present in native dimeiic a(3 TCRs, 
or may have no counterpart in native TCRs, being between cysteines specifically 

incorporated into the constant region extracellular sequences Of dTCR polypeptide paix 

or first and second segments of the scTCR polypeptide. In some cases, both a native 

25 and a non-native disulfide bond may be desirable. 

The position of the disulfide bond is subject to the requirement that the variable region 
sequences of dTCR polypeptide pair or first and second segments of the scTCR 
polypeptide are mutually orientated substantially as in native oc£ or yb T cell receptors. 
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The disulfide bond may be formed by mutating non-cysteine residues on the first and 
second segments to cysteine, and causing the bond to be formed between the mutated 
residues. Residues whose respective P carbons are approximately 6 A (0.6 nm) or 
less, and preferably in the range 3.5 A (0.35 nm) to 5.9 A (0.59 nm) apart in the native 
5 TCR are preferred, such that a disulfide bond can be formed between cysteine residues 
introduced in place of the native residues. It is preferred if the disulfide bond is 
between residues in the constant immunoglobulin region, although it could be between 
residues of the membrane proximal region. Preferred sites where cysteines can be 
introduced to form the disulfide bond are the following residues in exon 1 of 
10 TRAC*01 for the TCR a chain and TRBC1*01 or TRBC2*01 for the TCR p chain: 









Thr48 


Ser 57 


0.473 


Thr45 


Ser 77 


0.533 


TyrlO 


Ser 17 


0.359 


Thr 45 


Asp 59 


0.560 


Ser 15 


Glu 15 


0.59 



Now that the residues in human TCRs which can be mutated into cysteine residues to 
15 form a new interchain disulfide bond in dTCRs or scTCRs displayed according to the 
invention have been identified, those of skill in the art will be able to mutate TCRs of 
other species in the same way to produce a dTCR or scTCR of that species for pahge 
display. In humans, the skilled person merely needs to look for the following motifs 
in the respective TCR chains to identify the residue to be mutated (the shaded residue 
20 is the residue for mutation to a cysteine). 
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DSDVYITDKlviJJMRSMDFK (amino acids 39-58 of exon 
1 of the TRAC*01 gene) 



QSKDSDVYllDKTVLDMRSM(ainino acids 36-55 of exon 1 
of the TRAC*01 gene) 



J 

V 
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a Chain Tyr 10: 



5 aChainSer 15; 



DIQNPDPAV^QLRDSKSSDK(ainino acids 1-20 of exon 1 of 
the TRAC*01 gene) 

DPAVYQIJRD§KSSDKSVCLJF(amino acids 6-25 ol exon i 
of theTRAC*01 gene) 



10 



P Chain Ser 57: 



P Chain Ser 77: 



NGKEVHSGVilT>PQPLKEQP(amino acids 48- 67 of exon 1 
of the TRBC1*01 & TRBC2*01 genes) 

ALNDSRYAL|SRLRVS ATFW(amino acids 68- 87 of exon 1 
of theTRBCl*01 &TRBC2*01 genes) 



15 



p Chain Ser 17: 



PPEVAVFEPpEAEISHTQKA(amino acids 8- 27 of exon 1 of 
the TRBC1*01 & TRBC2*01 genes) 



p Chain Asp 59: 



KEVHS GVSl§PQPLKEQPAL(amino acids 50- 69 of exon 1 
of theTRBCl*01 &TRBC2*01 genes gene) 



20 p Chain Glu 15: 



VFPPEVAVI&SEAEISHTQ(aniino acids 6- 25 of exon 1 of 
theTRBCl*01 &TRBC2*01 genes) 



In other species, the TCR chains may not have a region which has 100% identity to the 
above motifs. However, those of skill in the art will be able to use the above motifs to 
25 identify the equivalent part of the TCR a or P chain and hence the residue to be 

■ 

mutated to cysteine. Alignment techniques may be used in this respect For example, 
ClustalW, available on the European Bioinfonnatics Institute website 
(http://www.ebi.ac.uk/index.html) can be used to compare the motifs above to a 
particular TCR chain sequence in order to locate the relevant part of the TCR sequence 
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The present invention includes within its scope phage displayed ocfl and yS-analogue 
scTCRs, as well as those of other mammals, including, but not limited to, mouse, rat, 
pig, goat and sheep. As mentioned above, those of skill in the art will be able to 
determine sites equivalent to the above-described human sites at which cysteine 
residues can be introduced to form an inter-chain disulfide bond. For example, the 
following shows the amino acid sequences of the mouse Ca and CP soluble domains, 
together with motifs showing the murine residues equivalent to the human residues 
mentioned above that can be mutated to cysteines to form a TCR interchain disulfide 
bond (where the relevant residues are shaded): 

Mouse Ca soluble domain: 

PY1QNPEPA VYQLKDPRS QDSTLC3L.F1X)FD SQINVPKTMES GTFITDKTVLDMK 
AMDSKSNGAIAWSNQTSFTCQDIFKETNATYPSSDVP 

Mouse CP soluble domain: 

EDUmVTPPKVSLFEPSKAEIANKQKATLVCLARGF^ 

HSGVSTDPQAYKESNYSYCLSSRmVSATFWHNPRNElFRCQVQFHGLSEEDK 
WPEGSPKPVTQNISAEAWGRAD 

Murine equivalent of human a Chain Thr 48: ESGTFITDKgVLDMKAMDSK 



Murine equivalent of human a Chain Thr 45: KTMES GTFIg^KTVLDMKAM 
Murine equivalent of human a Chain Tyr 10: YIQNPEPAV^QLKDPRSQDS 



Murine equivalent of human a Chain Ser 15: AVYQLKDPRiQDSTLCLFTD 



Murine equivalent of human p Chain Ser 57: NGREVHSGVItDPQAYKESN 



Murine equivalent of human P Chain Ser 77: KESNYSYCLgjSRLRVSATFW 
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Murine equivalent of human p Chain Ser 17: PPKVSLFEP|KAEIANKQKA 
Murine equivalent of human |3 Chain Asp 59' 

Murine equivalent of human (3 Chain Glu 15: VTPPKVSLF|pSKAEIANKQ 

As discussed above, the A6 Tax sTCR extracellular constant regions can be used as 
framework onto which heterologous variable domains can be fused. It is preferred that 
the heterologous variable region sequences are linked to the constant region sequences 
at any point between the disulfide bond and the N termini of the constant region 
sequences. In the case of the A6 Tax TCR a and P constant region sequenced, the 
disulfide bond may be formed between cysteine residues introduced at amino acid 
residues 158 and 172 respectively. Therefore it is preferred if the heterologous a and 
(3 chain variable region sequence attachment points are between residues 159 or 173 
and the N terminus of the a or {3 constant region sequences respectively. 

Phage Display. 

For scTCR phage display, the scTCR polypeptide is expressed according to any of the 
three general prior art techniques discussed earlier as Methods A, B, and C. For the 
scTCRs displayed by phag e particles of the present invention to bind to a ligand, 
MHC-peptide complex in the case of O0 TCRs, the first and second segments must be 
paired so that the variable region sequences thereof are orientated for such binding. 
This correct pairing is assisted by the introduction of a disulfide bond in the 
extracellular constant region of the scTCR. Without wanting to be limited by theory, 
the novel disulfide bond is believed to provide extra stability to the scTCR during the 
folding process and thereby facilitating correct pairing of the first and second 
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For dTCR phage display, one of the dTCR polypeptide pair is expressed according to 
any of the three general prior art techniques discussed earlier as Methods A, B, and C 
as if it were eventually to be displayed as a monomelic polypeptide on the phage, and 
the other of the dTCR polypeptide pair is co-expressed in the same host cell. As the 
5 phage particle self assembles, the two polypeptides self associate for display as a 
dimer on the phage. Again, in the preferred embodiment "of this aspect of the 
invention, correct folding during association of the polypeptide pair is assisted by a 
disulfide bond between the constant sequences, as discussed above. Further details of a 
procedure for phage display of a dTCR having an interchain disulfide bond appear in 
10 the Examples herein. 

Additional Aspects 

A phage particle displaying a scTCR or dTCR (which preferably is constituted by 
constant and variable sequences corresponding to human sequences) of the present 
15 invention may be provided in substantially pure form, or as a purified or isolated 

preparation. For example, it may be provided in a form which is substantially free of 
other proteins. 

A phage particle displaying a plurality of scTCRs or dTCRs of the present invention 
20 may be provided in a multivalent complex. Thus, the present invention provides, in 
one aspect, a multivalent T cell receptor (TCR) complex, which comprises a phage 
particle displaying a plurality of scTCRs or dTCRs as described herein. Each of the 
plurality of said scTCRs or dTCRs is preferably identical. 

25 In a further aspect, the invention provides a method for detecting TCR ligand 
complexes, which comprises: 

a. providing a TCR-displaying phage of the current invention 

b. . contacting the TCR-displaying phage with the putative ligand 

complexes; and 

30 detecting binding of the TCR-displaying phage to the putative ligand 

complexes. 




TCR ligands suitable for identification by the above method include, but are not 
limited to, peptide-MHC complexes. 

5 Screening Use 

The TCR-displaying phage particles of the present invention are capable of utilisation 
in screening methods designed to identify modulators, including inhibitors, of the 
TCR-mediated cellular immune synapse. 

10 As is know to those skilled in the art there are a number of assay formats that provide 
a suitable basis for protein-protein interaction screens of this type. 

Amplified Luminescent Proximity Homogeneous Assay systems such as the 
AlphaScreen™, rely on the use of "Donor" and "Acceptor" beads that are coated with 

15 a layer of hydrogel to which receptor and ligand proteins can be attached. The 
interaction between these receptor and ligand molecules brings the beads into 
proximity. When these beads are subject to laser light a photosensitizer in the "Donor" 
bead converts ambient oxygen to a more excited singlet state. The singlet state oxygen 
molecules diffuse across to react with a chemiluminescer in the "Acceptor" bead that 

20 further activates fluorophores contained within the same bead. The fluorophores 

subsequently emit light at 520-620 nm, this signals that the receptor-ligand interaction 
has occurred. The presence of an inhibitor of the receptor-ligand interaction causes 

this signal to be diiniiiished : — 

25 Surface Plasmon Resonance (SPR) is an interf acial optical assay, in which one binding 
partner (normally the receptor) is immobilised on a 'chip' (the sensor surface) and the 
binding of the other binding partner (normally the ligand), which is soluble and is 
caused to flow over the chip, is detected. The binding of the ligand results in an 
increase in concentration of protein near to the chip surface which causes a change in 

30 therSractive index in that region. TnieluffacTof the chijTis comprised sucnTEat the~ 
change in refractive indexmay be detected by surface plasmon resonance, an optical 
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phenomenon whereby light at a certain angle of incidence on a thin metal film 
produces a reflected beam of reduced intensity due to the resonant excitation of waves 
of oscillating surface charge density (surface plasmons). The resonance is very 
sensitive to changes in the refractive index on the far side of the metal film, and it is 
5 this signal which is used to detect binding between the immobilised and soluble 
proteins. Systems which allow convenient use. of SPR detection of molecular 
interactions, and data analysis, are commercially available. Examples are the Iasys™* 
machines (Fisons) and the Biacore™ machines. 

Other interf acial optical assays include total internal reflectance fluorescence (TTRF), 
resonant mirror (RM) and optical grating coupler sensor (GCS), and are discussed in 
more detail in Woodbury and Venton (/. Chromatog. B. 725 1 13-137 (1999)). 
The scintillation proximity assay (SPA) has been used to screen compound libraries 
for inhibitors of the low affinity interaction between CD28 and B7 (Kd probably in the 
region of 4 pM (Van der Merwe et al J. Exp. Med. 185:393-403 (1997), Jenh et al, 
Anal Biochem 165(2) 287-93 (1998)). SPA is a radioactive assay making use of beta 
particle emission from certain radioactive isotopes which transfers energy to a 
scintillant immobilised on the indicator surface. The short range of the beta particles 
in solution ensures that scintillation only occurs when the beta particles are emitted in 
close proximity to the scintillant When applied for the detection of protein-protein 
interactions, one interaction partner is labelled with the radioisotope, while the other is 
either bound to beads containing scintillant or coated on a surface together with 
scintillant. If the assay can be set up optimally, the radioisotope will be brought close 
enough to the scintillant for photon emission to be activated only when binding 
between the two proteins occurs. 

A further aspect of the invention is a method of identifying an inhibitor of the 
interaction between a TCR-displaying phage particle of the invention, and a TCR- 
binding ligand comprising contacting the TCR-displaying phage particle with a TCR- 
30 binding ligand, in the presence of and in the absence of a test compound, and 

determining whether the presence of the test compound reduces binding of the TCR- 
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displaying phage particle to the TCR-binding ligand, such reduction being taken as 
identifying an inhibitor. 

A final aspect of the invention is a method of identifying a potential inhibitor of the 
5 interaction between an TCR-displaying phage particle of the invention, and a TCR- 
binding ligand, for example a MHC-peptide complex, comprising contacting the TCR- 
displaying phage particle or TCR-binding ligand partneT with a test compound and 
determining whether the test compound binds to the TCR-displaying phage particle 
and/or the TCR-binding ligand, such binding being taken as identifying a potential 
10 inhibitor. This aspect of the invention may find particular utility in interfacial optical 
assays such as those carried out using the BIAcore™ system. 

Preferred features of each aspect of the invention are as for each of the other aspects 
mutatis mutandis. The prior art documents mentioned herein are incorporated to the 
1 5 fullest extent permitted by law. 



Examples 

20 The invention is further described in the following examples, which do not limit the 
scope of the invention in any way. 

Reference i3 made in the following to the accompanying drawings in which: 

25 Figures la and lb show respectively the nucleic acid sequences of the a and P chains 
of a soluble A6 TCR, mutated so as to introduce a cysteine codon. The shading 
indicates the introduced cysteine codons; 

Figure 2a shows the A6 TCR a chain extracellular amino acid sequence, including the 
30 T48 — > C mutation (underlined) used to produce the novel disulphide inter-chain bond, 
and Figure 2b shows the A6 TCR P chain extracellular amino acid sequence, including 
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the S 57 — » C mutation (underlined) used to produce the novel disulphide inter-chain 

* 

bond; 

Figure 3 Outlines' the cloning of TCR a and |3 chains into phagmid vectors. The 
diagram describes a phage display vector. RSB is the ribosome-binding site. SI or S2 
are signal peptides for secretion of proteins into periplasm of E. colt The * indicates 
translation stop codon. Either of the TCR a chain or (3 chain can be fused to phage 
coat protein, however in this diagram only TCR |3 chain is fused to phage coat protein. 

Figure 4 details the DNA sequence of phagmid pEX746: A6. 

Figure 5 expression of phage particles fusions of bacterial coat protein and dTCR in E. 
coli. Fusion proteins of dTCR:: gin are detected using western blotting. Phage particles 
are prepared from E. cloi XL-l-Blue and concentrated with PEG/NaCl. The samples 
are loaded in reducing or non-reducing sample buffers. Lane 1 is the sample of clone 1 
containing correct sequence, and lane 2 is the sample of clone 2 containing a deletion 
in the cc-chain encoding gene. The dsTCR::gin fusion protein was detected at 125kDa. 

Fig 6 illustrates ELISA detection of pMHC peptide complex binding activity of dTCR 
displayed on phage. Clone 1 binds specifically to HLA A2/Tax complex. Clone 2 can 
not bind to any pMHC, as no dTCR is attached to the phage particles. 
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Example 1 - Design of primers and mutagenesis ofA6 Tax TCR a and j3 chains to 
introduce the cysteine residues required for the formation of a novel inter-chain 
disulphide bond 

5 For mutating A6 Tax threonine 48 of exon 1 in TRAC*01 to cysteine, the following 
primers were designed (mutation shown in lower case): 

5*-C ACA GAC AAA tgT GTG CTA GAC AT 
5*-AT GTC TAG CAC Aca TTT GTC TGT G 

10 

For mutating A6 Tax serine 57 of exon 1 in both TRBC1*01 and TRBC2*01 to 
cysteine, the following primers were designed (mutation shown in lower case): 

5'-C AGT GGG GTC tGC ACA GAC CC 
15 5'-GG GTC TGT GCa GAC CCC ACT G 

PCR mutagenesis: 

Expression plasmids containing the genes for the A6 Tax TCR a or P chain were 
mutated using the cc-chain primers or the (3-chain primers respectively, as follows. 

20 100 ng of plasmid was mixed with 5 |lQ 10 mM dNTP, 25 pi lOxPfu-buffer 

(Stratagene), 10 units Pfu polymerase (Stratagene) and the final volume was adjusted 
to 240 fii with H2O. 48 \j! of this mix was supplemented with primers diluted to give a 
final concentration of 0.2 \xM in 50 yl final reaction volume. After an initial 
denaturation step of 30 seconds at 95°C, the reaction mixture was subjected to 15 

25 rounds of denaturation (95°C, 30 sec.), annealing (55°C, 60 sec.), and elongation 

(73 °C, 8 min.) in a Hybaid PCR express PCR machine. The product was then digested 
for 5 hours at 37°C with 10 units of Dpnl restriction enzyme (New England Biolabs). 
10 pi of the digested reaction was transformed into competent XLl-Blue bacteria and 

grown for 18 hours at 37°C. A single colony was picked and grown over ni ght in 5 ml 

30 TYP + ampicillin (16 g/1 Bacto-Tryptone, 16 g/1 Yeast Extract, 5 g/1 NaCl, 2.5 g/1 
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K2HPO4, 100 mg/1 Ampicillin). Plasmid DNA was purified on a Qiagen mini-prep 
column according to the manufacturer's instructions and the sequence was verified by 
automated sequencing at the sequencing facility of Department of Biochemistry, 
Oxford University. The respective mutated nucleic acid and amino acid sequences are 
shown in Figures la and 2a for the a chain and Figures lb and 2b for the P chain. 

Example 2 - Construction of phage display vectors and cloning of a and /3 chains into 
the phagemid vectors. 

In order to display dTCR on filamentous phage particles, phagemid vectors were 
constructed for expression of fusion proteins comprising dTCR with a phage coat 
protein. These vectors contain a pUC19 origin, an Ml 3 origin, a bla (Ampicillin 
resistant) gene, Lac promoter/operator and a CAP-binding site. The design of these 
vectors is outlined in Figure 3., which describes vectors encoding for both dTCR P 
chain-gp3 or dTCR p chain-gp8 fusion proteins in addition to a soluble TCR a chain. 
The expression vectors containing the DNA sequences of the mutated A6 TCR a and 
P chains incorporating the additional cysteine residues required for the formation of a 
novel disulphide prepared in Example 1 and as shown in figures la and lb were used 
as the source of the A6 TCR a and P chains for the production of a phagemid 
encoding this TCR. The complete DNA sequence of the phagemid construct utilised 
is given in Figure 4. 

The molecular cloning methods for constructing the vectors are described in 
"Molecular cloning: A laboratory manual, by J. Sambrook and D. W. Russell". 
Primers listed in table- 1 are used for construction of the vectors. A example of the 
PCR programme is 1 cycle of 94°C for 2 minutes, followed by 25 cycles of 94°C for 5 
seconds, 53°C for 5 seconds and 72°C for 90 seconds, followed by 1 cycles of 72°C 

for 10 minutes, and then hold at 4°C. The Infidelity Taq DNA polymerase is purchased 
from Roche. 
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Table 1. Primers used for construction of dTCR phage display vectors 

Primer 

name Sequence 5 ' to 3 ' Usage 

TAATAATACGTATAATAATATTCTATTTCAAG pEX746 construction, SnaBl/ 
Y0L1 CACACACTC clone SDXX 

CAATCCAGCGGCTGCCGTAGGCAATAGGTATT pEX746 construction, clone 
Y0L2 TCATTATGACTGTCTCCTTGAAATAG si 

CtaCGGCAGCCGCTGGATTGTTATTACTCGCG 
Y0L3 GCCCAGCCGGCCATGGCccag Clone SI 

GTTCTGCTCCACTTCCTTCTGGGCCATGGCCG 
Y0L4 GCTGGGCCG Fuse Sl and A6 Va 

Y0L5 CAGAAGGAAGTGGAGCAGAAC Clone A6 Va 

CTTCTTAAAGAATTCTTAATTAACCTAGGTTA 
Y0L6 TTAGGAACTTTCTGGGCTGGGGAAG Clone A6 Ca 

GTTAATTAAGAATTCTTTAAGAAGGAGATATA 
Y0L.7 CATATGAAAAAATTATTATTCGCAATTC Clone SDIII 

CGCGCTGTGAGAATAGAAAGGAACAACTAAAG 
Y0L8 GAATTGCGAATAATAATTTTTTCATATG Clone S2 

CTTTCTATTCTCACAGCGCGCAGGCTGGTGTC 
Y0L9 ACTCAGAC Clone S2 and A6 V0 

ATGATGTCTAGATGCGGCCGCGTCTGCTCTAC 
YOLIO CCCAGGCCTC Clone A6 C0 

GCATCTAGACATCATCACCATCATCACTAGAC Clone (His) 6 tag and amber 
Y0L11 TGTTGAAAGTTGTTTAGCAAAAC codon and fuse to gill 

CTAGAGGGTACCTTATTAAGACTCCTTATTAC 
Y0L12 GCAGTATG Clone gill 



Example 3 - Expression of fusions of bacterial coat protein and dTCR in E. colt 

5 

In order to validate the constructs made in Example 2, phage particles displaying 
dTCR are prepared using methods described previously for the generation of phage 

■ 

particles displaying antibody scFvs (Li et al, 2000, Journal of Immunological Methods 
236: 133-146) with the following modifications. E. coli XH-Blue cells containing 
10 pEX746:A6 phagemid were used to inoculate 5 ml of LBat g (Len nox L broth 

containing lOOptg/ml of ampicillin, 12.5 pig/ml tetracycline and 2% glucose), and then 
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the culture was incubated with shaking at 37°C overnight (16 hours). 50 jjI of the 
overnight culture was used to inoculate 5 ml of TYPatg (TYP is 16g/l of peptone, 
16g/l of yeast extract, 5g/l of NaCl and 2.5g/l of K2HPO4), and then the culture was 
incubated witih shaking at 37°C until OD 6 oonm = 0.8. Helper phage M13 K07 was 
added to the culture to the final concentration of 5 X 10 9 pfu/ml. The culture was then 
incubated at 37°C stationary for tliirty minutes and then with shaking at 200 rpm for 
further 30 minutes. The medium of above culture was then changed to TYPak (TYP 
containing lOOjxg/ml of ampicillin, 25 |Lig/ml of kanamycin), the culture was then 
incubated at 25°C with shaking at 250 rpm for 36 to 48 hours. The culture was then 
centrifuged at 4°C for 30 minutes at 4000 rpm. The supernatant was filtrated through a 
0.45 \xxa syringe filter and stored at 4°C for further concentration or analysis. 

The fusion protein of filamentous coat protein and dsTCR was detected by western 
blotting. Approximately 10 n cfu phage particles were loaded on each lane of an SDS- 
PAGE gel in both reducing and non-reducing loading buffer. Separated proteins were 
probed primary with an anti-M13 gUI mAb, followed by a second antibody conjugated 
with Horseradish Peroxidase (HRP). The HRP activity was then detected with Opti- 
4CN substrate kit from Bio-Rad (Figure 5). The data indicated that disulphide-bonded 
TCR of clone 1 is fused with filamentous phage coat protein, gin protein. 

Example 4 - Detection of functional dTCR on filamentous phage particles 

The presence of functional (cognate peptide-MHC binding) dTCR displayed on the 
phage particles was detected using a phage ELIS A method. 

TCR-Phage EUSA 

Binding of the TCR-dispalying phage particles to immobilised peptide-MHC in 
ELIS A is detected with primary rabbit anti-fd antisera (Sigma) followed by alkaline 
phosphatase (AP) conjugated anti-Rabbit mAb (Sigma). Non specific protein binding 
sites in the plates can be blocked with 2% MPBS or 3% BSA-PBS 
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Materials and reagents 

1. Coating buffer, PBS 

2. PBS: 138mM NaCl, 2.7mM KC1, lOmM Na 2 HP0 4 , 2mM KH2PO4 
5 3. MPBS , 3% marvel-PBS 

4. PBS-Tween: PBS, 0. 1 % Tween-20 

m 

5. Substrate solution, Sigma FAST pNPP, Cat# N2770 
Method 

10 1 . Rinse NeutrAvidin coated wells twice with PBS . 

2. Add 25|jJ of biotin-HLA A2 Tax or biotin-HLA A2 NYESO in PBS at 
concentration of 10 fig/ml, and incubate at room temperature for 30 to 60 min. 

3. Rinse the wells twice with PBS 

4. Add 300 |ii of 3% Marvel-PBS, and incubate at room temperature for lhr. 
15 Mix the TCR-phage suspension with 1 volume of 3% Marvel-PBS and 

incubate at room temperature. 

5. Rinse the wells twice with PBS 

6. Add 25 juQ of the mixture of phage-TCR/Marvel-PBS, incubate on ice for lhr 

7. Rinse the wells three times with ice-cold PBStween, and three times with ice- 
20 cold PBS. 

8. Add 25 |il of ice cold rabbit anti-fd antibody diluted 1 : 1 000 in Marv6l-PB S , 
and incubate on ice for lhr 

* 

9. Rinse the wells three times with ice-cold PBStween, and three times with ice- 
cold PBS. 

25 10. Add 25 pi of ice cold anti-rabbit mAb-Ap conjugate diluted 1:50,000 in 

Marvel-PBS, and incubate on ice for lhr 

11. Rinse the wells three times with ice-cold PBStween, and three times with ice- 
cold PBS. 

12. Add 150 pi of Alkaline phosphatase yellow to each well and read the signal at 
-30 405nm 
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The results presented in Figure 6 indicate clone 1 produced a phage particle displaying 
a dTCR which can bind specifically to its cognate pMHC. 
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Claims: 

5 1 . A phage particle displaying on its surface a dimeric T-cell receptor (dTCR) 
polypeptide pair, or a single chain T-cell receptor (scTCR) polypeptide, wherein 

— » 

the dTCR polypeptide pair is constituted by TCR amino acid sequences corresponding 
to extracellular constant and variable region sequences present in native TCR chains, 
10 and the scTCR is constituted by TCR amino acid sequences corresponding to 

extracellular constant and variable region sequences present in native TCR chains and 
a linker sequence, the latter linking a variable region sequence corresponding to that of 
one chain of a native TCR to a constant region sequence corresponding to a constant 
region sequence of another native TCR chain; 

15 

the variable region sequences of the dTCR polypeptide pair or scTCR polypeptide are 
mutually orientated substantially as in native TCRs; and 

in the case of the scTCR polypeptide a disulfide bond which has no equivalent in 
20 native T cell receptors links residues of the polypeptide. 

2. A phage particle as claimed in claim 1 wherein the C-terminus of one member 
of the dTCR polypept i de pair, or the C-terminus of the scTCR polypept ide, is l in ke d — 

by a peptide bond to a surface exposed residue of the phage. 

25 

3. A phage particle as claimed in claim 1 wherein the C-terminus of one member 
of the dTCR polypeptide pair, or the C-terminus of the scTCR polypeptide, is linked 
by a disulfide bond to a surface exposed cysteine residue of the phage. 



30 4: Arphage^article-^ 

polypeptide is displayed which has 
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a first segment constituted by an amino acid sequence corresponding to a TCR a or 8 
chain variable region sequence fused to the N terminus of an amino acid sequence 
corresponding to a TCR a chain constant region extracellular sequence, 

5 

a second segment constituted by an amino acid sequence corresponding to a TCR P or 

» 

Y chain variable region fused to the N terminus of an amino acid sequence 
corresponding to TCR p chain constant region extracellular sequence, 

10 a linker sequence linking the C te rminu s of the first segment to the N terminus of the 
second segment, or vice versa, and 

a disulfide bond between the first and second chains, said disulfide bond being one 
which has no equivalent in native oc|3 or y8 T cell receptors, 

15 

the length of the linker sequence and the position of the disulfide bond being such that 
the variable region sequences of the first and second segments are mutually orientated 
substantially as in native. oc|3 or y8 T cell receptors. 

20 5. A phage particle as claimed in claim 4 wherein the linker sequence has the 
formula -P-AA-P- wherein P is proline and AA represents an amino acid sequence 
wherein the amino acids are glycine and serine. 

6. A phage particle as claimed in claim 4 or claim 5 wherein the linker sequence 

•-i 

25 links the C terminus of the first segment to the N terminus of the second segment 

7. A phage particle as claimed in claim 6 wherein the linker sequence consists of 
from 26 to 41 amino acids. 

30 8. A phage particle as claimed in claim 7 wherein the linker sequence consists of 
29, 30, 31 or 32 amino acids. 




9. A phage particle as claimed in claim 7 wherein the linker sequence consists of 
33, 34, 35 or 36 amino acids. 

5 10. A phage particle as claimed in claim 7 wherein the linker sequence has the 
formula -PGGG-(SGGGG)5-P- wherein P is proline, G is glycine and S is serine. 

11. A phage particle as claimed in claim 7 wherein the linker sequence has the 
formula -PGGG-(SGGGG) 6 -P- wherein P is proline, G is glycine and S is serine. 

10 

12. A phage particle as claimed in any of claims 1 to 3 wherein a dTCR 
polypeptide pair is displayed which is constituted by 

a first polypeptide wherein a sequence corresponding to a TCR a or 8 chain variable 
15 region sequence is fused to the N terminus of a sequence corresponding to a TCR a 
chain constant region extracellular sequence, and 

a second polypeptide wherein a sequence corresponding to a TCR P or y chain variable 
region sequence fused to the N terminus a sequence corresponding to a TCR (3 chain 
20 constant region extracellular sequence, 

the first and second polypeptides being linked by a disulfide bond which has no 
equivalent in native ocp or y6 T cell receptors. 

25 13. A phage particle as claimed in any preceding claim wherein the displayed 
dTCR polypeptide pair or scTCR polypeptide have amino acid sequences 
corresponding to a(3 TCR extracellular constant and variable region sequences. 

14. A phage particle as claimed in any of claims 1 to 12 wherein the displayed 
'30 dTCR polypeptiBepair or scTCR polypeptide have amino "acid sequences 
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corresponding to extracellular ccp TCR constant region sequences and y8 TCR variable 
region sequences. 

* 

15. A phage particle as claimed in any preceding claim wherein the displayed 
dTCR polypeptide pair or scTCR polypeptide have amino acid sequences 
corresponding to non-human extracellular ap TCR constant region sequences and 
human TCR variable region sequences. 

16. A phage particle as claimed in any of claims 1 to 15 wherein an amino acid 
sequence of one member of the displayed dTCR polypeptide pair, or an amino acid 
sequence of the displayed scTCR, corresponds to a native TCR extracellular constant 
chain Ig domain sequence. 

17. A phage particle as claimed in any of claims 1 to 15 wherein the displayed 
dTCR polypeptide pair or displayed scTCR, includes sequences corresponding to 

• native TCR extracellular constant chain Ig domain sequences. 

18. A phage particle as claimed in claim 17 wherein a disulfide bond links amino 
acid residues of the said constant chain Ig domain sequences, which disulfide bond has 
no equivalent in native TCRs. 

* 

19. A phage particle as claimed in claim 18 wherein the said disulfide bond is 
between cysteine residues corresponding to amino acid residues whose P carbon atoms 
are less than 0.6 nm apart in native TCRs. 

20. A phage particle as claimed in claim 19 wherein the said disulfide bond is 
between cysteine residues substituted for Thr 48 of exon 1 of TRAC*01 and Ser 57 of 
exon 1 of TRBC1*01 or TRBC2*01 or the non-human equivalent thereof. 
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21 . A phage particle as claimed in claim 19 wherein the said disulfide bond is 
between cysteine residues substituted for Thr 45 of exon 1 of TRAC*01 and Ser 77 of 
exon 1 of TRBC1*01 or TRBC2*01 or the non-human equivalent thereof. 

5 22. A phage particle as claimed in claim 19 wherein the said disulfide bond is 

between cysteine residues substituted for Tyr 10 of exon 1 of TRAC*01 and Ser 17 of 
exon 1 of TRBC1*01 or TEIBC2*01 or the non-human equivalent thereof. 

23. A phage particle as claimed in claim 19 wherein the said disulfide bond is 

10 between cysteine residues substituted for Thr 45 of exon 1 of TRAC*01 and Asp 59 of 
exon 1 of TRBC1*01 or TRBC2*01 or the non-human equivalent thereof. 

24. A phage particle as claimed in claim 19 wherein the said disulfide bond is 
between cysteine residues substituted for Ser 15 of exon 1 of TRAC*01 and Glu 15 of 

15 exon 1 of TRBC1*01 or TRBC2*01 or the non-human equivalent thereof. 

25. A phage particle as claimed in any of claims 17 to 24 wherein the sequences 
corresponding to native TCR extracellular constant chain Ig domain sequences are 
truncated at their C-termini relative to said native sequences such that the cysteine 

20 residues which form the native interchain disulphide bond are excluded. 

26. A phage particle as claimed in any of claims 17 to 24 wherein in the sequences 
corre s ponding to native TCR extracellular constant chain Ig domain s equences the 

cysteine residues which form the native interchain disulphide bond are substituted by 
25 non-cysteine residues. 

27. A phage particle as claimed in claim 26 wherein the cysteine residues which 
form the native interchain disulfide bond are substituted by serine or alanine. 
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28., A phage particle as claimed in any of claims 1 to 27 wherein in the displayed 
dTCR or scTCR there is no unpaired cysteine residue corresponding an unpaired 
cysteine residue present in a native TCR. 

29. A phage particle as claimed in any of claims 17 to 28 wherein the sequences 
corresponding to native TCR extracellular constant chain Ig domain sequences are 
truncated N-terminal to residues corresponding to those which form the non-native 
interchain disulphide bond. 

30. A phage particle as claimed in any preceding claim wherein the C-terminus of 
one member of the dTCR polypeptide pair, or the C-tenninus of the scTCR 
polypeptide, is linked by a disulfide bond to a surface exposed cysteine residue of the 
phage and wherein said surface exposed cysteine residue is at the N-terminus of the 
gene product of bacteriophage gene III or gene VEX 

m 

31. A phagemid or phage genome genetic sequence which encodes a dTCR 
polypeptide pair, or a scTCR polypeptide, having the structural features defined in any 
of claims 1 to 30. 

32. A composition comprising a phagemid genetic sequence as claimed in claim 
3 1 and a helper phage. 

33. A composition as claimed in claim 32 wherein non-TCR genetic sequences are 
derived from a filamentous phage 

34. A composition as claimed in claim 33 wherein the helper phage is M13K07 or 
VCS Ml 3 filamentous phage 

35. A host bacterial cell comprising a composition as claimed in any of claims 31 to 
34. 



36 



36. A method for obtaining a phage particle as claimed in any of claims 1 to 30, 
which method comprises incubating a host cell as claimed in claim 35 under conditions 
causing expression of polypeptides which self assemble to form Ihe TCR-displaying 
phage and then purifying the said TCR-displaying phage. 

37. A method for detecting TCR ligand complexes, which comprises: 

(i) providing a TCR-displaying phage as claimed in any of claims 1 to 30; 

(ii) contacting said TCR-displaying phage particle with a putative ligand 
complex; and 

(iii) detecting binding of the said TCR-displaying phage particle to the 
putative ligand complexes 

* 

38. A method as claimed in claim 37 wherein the putative TCR-binding complexes 
are peptide-MHC complexes. 

39. A method of identifying an inhibitor of the interaction between a TCR- 
displaying phage particle as claimed in any one of cl aim s 1 to 30, and a TCR-binding 
ligand comprising contacting the TCR-displaying phage particle with a TCR-binding 
ligand, in the presence of and in the absence of a test compound, and determining 
whether the presence of the test compound reduces binding of the TCR-displaying 
phage particle to the TCR-binding ligand, such reduction being taken as identifying an 
inhibitor. VV.^' 1 * 

: 

— i 

40. A method of identifying a potential inhibitor of the interaction^between an 

t 

TCR-displaying phage particle as claimed in any one of claims 1 to 30, and a TCR- 

binding ligand comprising contacting the TCR-displaying phage particle or TCR- 

* « 

binding ligand partner with a test compound and determining whether the test 
compound binds to the TCR-displaying phage particle and/or the TCR-binding ligand, 
such binding being taken as identifying a potential inhibitor. ... • ; 
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atgcagaaggaagtggagcagaactctggacccctcagtgttccagagggagccattg 
cctctctcaactgcacttacagtgaccgaggttcccagtccttcttctggtacagaca 
atattctgggaaaagccctgagttgataatgtccatatactccaatggtgacaaagaa 
gatggaaggtttacagcacagctcaataaagccagccagtatgtttctctgctcatca 
gagactcccagcccagtgattcagccacctacctctgtgccgttacaactgacagctg 
ggggaaattgcagtttggagcagggacccaggttgtggtcaccccagatatccagaac 
cctgaccctgccgtgtaccagctgagagactctaaatccagtgacaagtctgtctgcc 
tattcaccgattttgattctcaaacaaatgtgtcacaaagtaaggattctgatgtgta 
tatcacagacaaa^^gtgctagacatgaggtctatggacttcaagagcaacagtgct 
gtggcctggagcaacaaatctgactttgcatgtgcaaacgccttcaacaacagcatta 
ttccagaagacaccttcttccccagcccagaaagttcctaa 

Figure lb 

atgaacgctggtgtcactcagaccccaaaattccaggtcctgaagacaggacagagca 
tgacactgcagtgtgcccaggatatgaaccatgaatacatgtcctggtatcgacaaga 
cccaggcatggggctgaggctgattcattactcagttggtgctggtatcactgaccaa 
ggagaagtccccaatggctacaatgtctccagatcaaccacagaggatttcccgctca 
ggctgctgtcggctgctccctcccagacatctgtgtacttctgtgccagcaggccggg 
actagcgggagggcgaccagagcagtacttcgggccgggcaccaggctcacggtcaca 
gaggacctgaaaaacgtgttcccacccgaggtcgctgtgtttgagccatcagaagcag 
agate tcccacacccaaaaggccacactggtgtgcctggccacaggcttctaccccga 
ccacgtggagctgagctggtgggtgaatgggaaggaggtgcacagtggggtc^^aca 
gacccgcagcccctcaaggagcagcccgccctcaatgactccagatacgctctgagca 
gccgcctgagggtctcggccaccttctggcaggacccccgcaaccacttccgctgtca 
agtccagttctacgggctctcggagaatgacgagtggacccaggatagggccaaaccc 
gtcacccagatcgtcagcgccgaggcctggggtagagcagactaa 



in 

Figure 2a 
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KiEVEQNSGPL SVPEGAIASL NCTYSDRGSQ SFFWYRQYSG KSPELIMSIY 
SNGDKEDGRF TAQLNKASQY VSLLIRDSQP SDSATYLCAV TTDSWGKLQF 
GAGTQWVTP DIQNPDPAVY QLRDSKSSDK SVCLFTDFDS QTNVSQSKDS 
DVYITDKCVL DMRSMDFKSN SAVAWSNKSD FACANAFNNS IIPEDTFFPS 
PESS* 



Figure 2b 



M 

NiAGVTQTPKF QVLKTGQSMT LQCAQDMNHE YMSWYRQDPG MGLRLIHYSV 
GAGITDQGEV PNGYNVSRST TEDFPLRLLS AAPSQTSVYF CASRPGLAGG 
RPEQYFGPGT RLTVTEDLKN VFPPEVAVFE PSEAEISHTQ KATLVCLATG 
FYPDHVELSW WVNGKEVHSG VCTDPQPLKE QPALNDSRYA LSSRLRVSAT 
FWQDPRNHFR CQVQFYGLSE NDEWTQDRAK PVTQIVSAEA WGRAD* 
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Figure' 

1 gttaactacg tcaggtggca cttttcgggg 
61 tttctaaata cattcaaata tgtatccgct 
121 ataatattga aaaaggaaga gtatgagtat 
181 ttttgcggca ttttgccttc ctgtttttgc 
241 tgctgaagat cagttgggtg cacgagtggg 
301 gatccttgag agttttcgcc ccgaagaacg 
361 gctatgtggc gcggtattat cccgtgttga 
421 acactattct cagaatgact tggttgagta 
481 tggcatgaca gtaagagaat tatgcagtgc 
541 caacttactt ctgacaacga tcggaggacc 
601 gggggatcat gtaactcgcc ttgatcgttg 
661 cgacgagcgt gacaccacga tgcctgtagc 
721 tggcgaacta cttactctag cttcccggca 
781 agttgcagga ccacttctgc gctcggccct 
841 tggagccggt gagcgtgggt ctcgcggtat 
901 ctcccgtatc gtagttatct acacgacggg 
961 acagatcgct gagataggtg cctcactgat 
1021 ctcatatata ctttagattg atttaccccg 
1081 aagattgtat aagcaaatat ttaaattgta 
1141 aatttttgtt aaatcagctc attttttaac 
1201 aaatcaaaag aatagcccga gatagggttg 
1261 ctattaaaga acgtggactc caacgtcaaa 
1321 ccactacgtg aaccatcacc caaatcaagt 
1381 aatcggaacc ctaaagggag cccccgattt 
1441 gaaaggaagg gaagaaagcg aaaggagcgg 
1501 cgctgcgcgt aaccaccaca cccgccgcgc 
1561 atctaggtga agatcctttt tgataatctc 
1621 ttccactgag cgtcagaccc cgtagaaaag 
1681 ctgcgcgtaa tctgctgctt gcaaacaaaa 
1741 ccggatcaag agctaccaac tctttttccg 
1801 ccaaatactg ttcttctagt gtagccgtag 
1861 ccgcctacat acctcgctct gctaatcctg 
1921 tcgtgtctta ccgggttgga ctcaagacga 
1981 tgaacggggg gttcgtgcac acagcccagc 
2041 tacctacagc gtgagctatg agaaagcgcc 
2101 tatccggtaa gcggcagggt cggaacagga 
2161 gcctggtatc tttatagtcc tgtcgggttt 
2221 tgatgctcgt caggggggcg gagcctatgg 
2281 ttcctggcct tttgctggcc ttttgctcac 
2341 accccaggct ttacacttta tgcttccggc 
2401 acaatttcac acaggaaaca gctatgacca 
2461 ctatttcaag gagacagtca taatgaaata 
2521 attactcgcg gcccagccgg ccatggccca 
2581 cagtgttcca gagggagcca ttgcctctct 
2641 gtccttcttc tggtacagac aatattctgg 
2701 ctccaatggt gacaaagaag atggaaggtt 
2761 tgtttctctg ctcatcagag actcccagcc 
2821 tacaactgac agctggggga aattgcagtt 
2881 agatatccag aaccctgacc ctgccgtgta 
2941 gtctgtctgc ctattcaccg attttgattc 
3001 tgatgtgtat atcacagaca aatgtgtgct 
3061 cagtgctgtg gcctggagca acaaatctga 
3121 cattattcca gaagacacct tcttccccag 
3181 taagaattct ttaagaagga gatatacata 
3241 ttgttccttt ctattctcac agcgcgcagg 
3301 tcctgaagac aggacagagc atgacactgc 
3361 tgtcctggta tcgacaagac ccaggcatgg 



aaatgtgcgc ggaaccccta tttgtttatt 
catgagacaa taaccctgat aaatgcttca 
tcaacatttc cgtgtcgccc ttattccctt 
tcacccagaa acgctggtga aagtaaaaga 
ttacatcgaa ctggatctca acagcggtaa 
ttctccaatg atgagcactt ttaaagttct 
cgccgggcaa gagcaactcg gtcgccgcat 
ctcaccagtc acagaaaagc atcttacgga 
tgccataacc atgagtgata acactgcggc 
gaaggagcta accgcttttt tgcacaacat 
ggaaccggag ctgaatgaag ccataccaaa 
aatggcaaca acgttgcgca aactattaac 
acaattaata gactggatgg aggcggataa 
tccggctggc tggtttattg ctgataaatc 
cattgcagca ctggggccag atggtaagcc 
gagtcaggca actatggatg aacgaaatag 
taagcattgg taactgtcag accaagttta 
gttgataatc agaaaagccc caaaaacagg 
aacgttaata ttttgttaaa attcgcgtta 
caataggccg aaatcggcaa aatcccttat 
agtgttgttc cagtttggaa caagagtcca 
gggcgaaaaa ccgtctatca gggcgatggc 
tttttggggt cgaggtgccg taaagcacta 
agagcttgac ggggaaagcg aacgtggcga 
gcgctagggc gctggcaagt gtagcggtca 
ttaatgcgcc gctacagggc gcgtaaaagg 
atgaccaaaa tcccttaacg tgagttttcg 
atcaaaggat cttcttgaga tccttttttt 
aaaccaccgc taccagcggt ggtttgtttg 
aaggtaactg gcttcagcag agcgcagata 
ttaggccacc acttcaagaa ctctgtagca 
ttaccagtgg ctgctgccag tggcgataag 
tagttaccgg ataaggcgca gcggtcgggc 
ttggagcgaa cgacctacac cgaactgaga 
acgcttcccg aagggagaaa ggcggacagg 
gagcgcacga gggagcttcc agggggaaac 
cgccacctct gacttgagcg tcgatttttg 
aaaaacgcca gcaacgcggc ctttttacgg 
atgtaatgtg agttagctca ctcattaggc 
tcgtatgttg tgtggaattg tgagcggata 
tgattacgcc aagctacgta taataatatt 
cctattgcct acggcagccg ctggattgtt 
gaaggaagtg gagcagaact ctggacccct 
caactgcact tacagtgacc gaggttccca 
gaaaagccct gagttgataa tgtccatata 
tacagcacag ctcaataaag ccagccagta 
cagtgattca gccacctacc tctgtgccgt 
tggagcaggg acccaggttg tggtcacccc 
ccagctgaga gactctaaat ccagtgacaa 
tcaaacaaat gtgtcacaaa gtaaggattc 
agacatgagg tctatggact tcaagagcaa 
ctttgcatgt gcaaacgcct tcaacaacag 
cccagaaagt tcctaataac ctaggttaat 
tgaaaaaatt attattcgca attcctttag 
ctggtgtcac tcagacccca aaattccagg 
agtgtgccca ggatatgaac catgaataca 
ggctgaggct gat teat tac tcagttggtg 
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3421 ctggtatcac tgaccaagga gaagtcccca 
3481 aggatttccc gctcaggctg ctgtcggctg 
3541 ccagcaggcc gggactagcg ggagggcgac 
3601 tcacggtcac agaggacctg aaaaacgtgt 
3661 cagaagcaga gatctcccac acccaaaagg 
3721 accccgacca cgtggagctg agctggtggg 
3781 gcacagaccc gcagcccctc aaggagcagc 
3841 gcagccgcct gagggtctcg gccaccttct 
3901 aagtccagtt ctacgggctc tcggagaatg 
3961 tcacccagat cgtcagcgcc gaggcctggg 
4021 atcaccatca tcactagact gttgaaagtt 
4081 ttactaacgt ctggaaagac gacaaaactt 
4141 tgtggaatgc tacaggcgtt gtagtttgta 
4201 gggttcctat tgggcttgct atccctgaaa 
4261 ctgagggtgg cggttctgag ggtggcggta 
4321 ttccgggcta tacttatatc aaccctctcg 
4381 accccgctaa tcctaatcct tctcttgagg 
4441 agaataatag gttccgaaat aggcaggggg 
4501 aaggcactga ccccgttaaa acttattacc 
4561 atgacgctta ctggaacggt aaattcagag 
4621 atccattcgt ttgtgaatat caaggccaat 
4681 ctggcggcgg ctctggtggt ggttctggtg 
4741 gcggttctga gggtggcggc tctgagggag 
4801 attttgatta tgaaaagatg gcaaacgcta 
4861 aaaacgcgct acagtctgac gctaaaggca 
4921 ctgctatcga tggtttcatt ggtgacgttt 
4981 gtgattttgc tggctctaat tcccaaatgg 
5041 taatgaataa tttccgtcaa tatttacctt 
5101 ttgtctttag cgctggtaaa ccatatgaat 
5161 tccgtggtgt ctttgcgttt cttttatatg 
5221 ttgctaacat actgcgtaat aaggagtctt 
5281 tgagtcgtat tacggactgg ccgtcgtttt 
5341 tacccaactt aatcgccttg cagcacatcc 
5401 ggcccgcacc gatcgccctt cccaacagtt 
5461 ttggtaataa agcccgcttc ggcgggcttt 



atggctacaa tgtctccaga tcaaccacag 
ctccctccca gacatctgtg tacttctgtg 
cagagcagta cttcgggccg ggcaccaggc 
tcccacccga ggtcgctgtg tttgagccat 
ccacactggt gtgcctggcc acaggcttct 
tgaatgggaa ggaggtgcac agtggggtct 
ccgccctcaa tgactccaga tacgctctga 
ggcaggaccc ccgcaaccac ttccgctgtc 
acgagtggac ccaggatagg gccaaacccg 
gtagagcaga cgcggccgca tctagacatc 
gtttagcaaa accccataca gaaaattcat 
tagatcgtta cgctaactat gagggttgtc 
ctggtgacga aactcagtgt tacggtacat 
atgagggtgg tggctctgag ggtggcggtt 
ctaaacctcc tgagtacggt gatacaccta 
acggcactta tccgcctggt actgagcaaa 
agtctcagcc tcttaatact ttcatgtttc 
cattaactgt ttatacgggc actgttactc 
agtacactcc tgtatcatca aaagccatgt 
actgcgcttt ccattctggc tttaatgagg 
cgtctgacct gcctcaacct cctgtcaatg 
gcggctctga gggtggtggc tctgagggtg 
gcggttccgg tggtggctct ggttccggtg 
ataagggggc tatgaccgaa aatgccgatg 
aacttgattc tgtcgctact gattacggtg 
ccggccttgc taatggtaat ggtgctactg 
ctcaagtcgg tgacggtgat aattcacctt 
ccctccctca atcggttgaa tgtcgccctt 
tttctattga ttgtgacaaa ataaacttat 
ttgccacctt tatgtatgta ttttctacgt 
aataaggtac cctctagtca aggcctatag 
acaacgtcgt gactgggaaa accctggcgt 
ccctttcgcc agctggcgta atagcgaaga 
gcgcagcctg aatggcgaat ggcgcttcgc 
ttttt 
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